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Abstract 

Aim: The present study was designed to determine the therapeutic effects and immunomodulatory potential of silver nanoparticles (AgNPs) at two doses on 
cardiotoxicity induced by doxorubicin (DOX). 

Material and methods: Sixty rats were randomized into six equal groups as follows: G1; Control, G2; NP1, rats received AgNPs (4 mg/kg b.w), G3; NP2, rats 
received AgNPs (8 mg/kg b.w), G4; cardiotoxicity group (DOX); rats received intraperitoneal single injection of DOX at dose of (30 mg/kg; i.p.), G5; DOX+ NP1, 
G6; DOX+ NP2. AgNPs was administered intraperitoneally for 4 weeks. 

Results: AgNPs showed immunomodulatory potential as shown by an increase in blood leukocytes, lymphocytes, and neutrophils counts and the decrease in 
serum proinflammatory cytokines, and oxidative stress markers. Cardio- therapeutic effects of AgNPs are shown by the decrease in biochemical markers of 
cardiac toxicity, namely, CPK, LDH, TropT, and ACL. DOX-treated rats showed significantly higher total cholesterol, triglycerides, total phospholipids, and LDL-c. 
Administration of AgNPs as therapeutic (4 and 8 mg/kg b.w) improved these parameters. 

Discussion: Depending on the immunomodulatory activity of Ag NPs, therapeutic effect on the heart against cardiotoxicity induced by doxorubicin was shown 
by an increase in blood leukocytes count, decrease in proinflammatory cytokines, and oxidative stress biomarkers. 
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Introduction 

Nanotechnology is a promising technology with potential 
advantages in treating and preventing disease. Among the metal 
nanoparticles, silver nanoparticles (AgNPs) are the most widely 
used nanoparticle in biomedical-related products because of 
their broad-spectrum antimicrobial activity. Recently, AgNPs 
have been reported to have antioxidant activity [1] and anti- 
inflammatory property [2]. Several studies have been reporting 
promising results of AgNPs for the treatment of inflammatory 
disease, such as for neuropathy in diabetic rats [3] and colitis 
[4]. 

Nanoparticles have an impact on the immune system and can 
either stimulate or suppress it. Nanoparticles may be recognized 
as foreign by immune cells, triggering an unintended immune 
response against them, potentially leading to toxicity within 
the body. The physical properties of nanoparticles, including 
their size, surface charge, and coating, play a crucial role in 
determining their compatibility with the immune system. 
Immune cells are likely involved in the disease’s pathophysiology 
as they receive signals from injured myocytes, endothelial cells, 
and cardiac progenitor cells [5]. 

Cardiotoxic exposures cause electrophysiological dysfunction or 
muscle damage to the heart. Typically, most acute cardiotoxic 
effects are reversible and thought to be the result of myocardial 
edema [6]. While chronic cardiotoxicity has been extensively 
studied, there is limited research on the manifestations of 
acute cardiotoxicity, and the development of secondary dilated 
cardiomyopathy is not fully understood. Doxorubicin (DOX) is 
a crucial and effective anticancer drug used in the treatment 
of many childhood cancer patients. However, its use carries 
potential risks for various complications in the short and 
long term. One of the most significant complications is the 
development of cardiotoxicity, which can lead to congestive 
heart failure [5]. 


Material and Methods 

Chemicals 

Doxorubicin was purchased from Sigma Chemical Co., St. Louis 
MO, USA. 

Silver Nanoparticles (AgNPs): Dark gray powder (Particles Size 
Analysis {APS} 30-50nm) 1 g dissolved in saline, purchased from 
Sigma Aldrich (USA). 

Experimental Animals 

Sixty adult male albino rats weighing 198 +11 g were used in 
this study. The animals were kept at standard housing facilities 
(2441 °C, 45+5% humidity and 12 h light/dark cycle) They were 
supplied with standard laboratory chow and water ad libitum 
and left to acclimatize for 1 week before the experiments. 
Experimental Design 

Experimental rats were classified into six groups (n=10) as 
follows: 

Group 1- Control (C): Rats received 1ml saline solution. 

Group 2- AgNPs: Rats received AgNPs (4 mg/kg b.w) (NP1). 
Group 3- AgNPs: Rats received AgNPs (8 mg/kg b.w) (NP2). 
Group 4- Cardiotoxicity group (DOX): Rats 
intraperitoneal single injection of DOX at dose of (30 mg/kg; 
i.p.) dissolved in saline solution, this dose is well proved to 
induce cardiotoxic effects. 


received 


Group 5 -Cardio-therapeutic] (DOX+ NP1): Four days after DOX 
administration rats received AgNPs (4 mg/kg b.w). 

Group 6- Cardio-therapeutic2 (DOX+ NP2): Four days after DOX 
administration rats received AgNPs (8 mg/kg b.w). 

Treatments with AgNPs were given interperitoneally for 4 
weeks. 

Sample Collection 

Blood was collected through retro-orbital puncture. The 
collected blood samples were left at a temperature of 24°C 
for 30 minutes, followed by centrifugation at 5000 r.p.m. for 
20 minutes. The resulting serum was divided into multiple 
aliquots and stored at -20°C until analysis. For hematological 
analysis, heparinized blood was collected in EDTA-coated 
vials. The leukocytes count (WBC), lymphocytes count, and 
neutrophils count were determined from the whole blood using 
an automated hematological analyzer (Beckam Coulter, USA). 
Serum and Heart Analysis 

Several serum levels were measured in different experimental 
groups. These included anti-cardiolipin (ACL), troponin-T (TropT), 
CRP, albumin (Alb), LDH, CPK, AST, acid phosphatase activity 
(AP), TC, TG, total phospholipids (PL), and LDL-c. Additionally, 
the serum levels of tumor necrosis factor alpha (TNF-a), IL-6, 
NF-kB, IL-1B, WBC count, lymphocytes count, and neutrophils 
count were measured. A portion of each heart from all groups 
was taken and a 30% w/v homogenate was prepared in 0.9% 
buffered KCI (pH 7.4) to estimate GSH, MDA, SOD, and CAT. 
Statistical Analysis 

Data were shown as means + standard error of mean (SEM), 
and a one-way analysis of variance (One-Way ANOVA) test. 
Differences were considered significant when P < 0.05. 

Ethical Approval 

This study was approved by the ethics Committee of Sciences 
Academy of Experimental Research, AL-Mansoura, Egypt 
(2023-05-15, No. 44121). 


Results 

The administration of DOX significantly increased serum 
levels of cardiac markers, including troponin T (TropT), anti- 
cardiolipin (Acl), and C-reactive protein (CRP), while decreasing 
albumin levels (P < 0.05), indicating cardiac damage. However, 
when AgNPs were administered to cardiotoxic rats, the cardiac 
damage caused by DOX was reduced. The administration of 
AgNPs as a therapeutic agent restored TropT, ACL, albumin, 
and CRP levels (Table 1). 

Table (2) shows the effect of DOX and AgNPs on serum cardiac 
enzymes markers LDH, CPK, AP, and AST. DOX administration 
increased serum cardiac enzymes significantly (P < 0.05). It 
was observed that administering AgNPs as therapeutic restore 
levels of serum enzymes near to normal levels. The rats treated 
with doxorubicin showed significantly higher levels of total 
cholesterol (TC), triglycerides (TG), total phospholipids (PL), 
and LDL-c compared to the control group (ps 0.05). However, 
the administration of silver nanoparticles (AgNPs) as a 
therapeutic intervention (G5, G6) improved these parameters 
and significantly reduced levels of TC and TG compared to the 
group experiencing cardiotoxicity (G4) (Figure 1). The findings 
indicated a connection between DOX-induced cardiotoxicity 
and a decrease in white blood cells count (WBCs), neutrophils, 
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and lymphocytes. When compared to the cardiotoxic group (G4), 
the administration of AgNPs (G5, G6) resulted in an increase 
in leukocytes, lymphocytes, and neutrophils count. Treating 
cardiotoxic rats with AgNPs at either 4 mg/kg or 8 mg/kg 
effectively restored these counts in a dose-dependent manner 
(Figure 2). The administration of DOX caused a substantial 
increase in MDA levels (127.27%) and a significant decrease 
in GSH (-49.55%), SOD (-57.00%), and CAT (-44.96%) levels 
compared to the normal control group. However, when DOX- 
intoxicated rats were treated with AgNPs (4 mg/kg, 8 mg/kg), 
there was a significant improvement in MDA levels and a notable 
enhancement in GSH, SOD, and CAT activities compared to the 
DOX group (Table 3). The findings indicated that there were 
notable increases in levels of serum TNF-a, NF-k®, IL-6, and IL- 
1B when DOX was administered, in comparison to the control 
group. Conversely, when cardiotoxic rats were treated with 
AgNPs at either 4 mg/kg or 8 mg/kg, there was a significant 
reduction in these inflammatory mediators in a dose-dependent 
manner. Moreover, the levels of proinflammatory cytokines in 


Table 1. Effect of AgNPs administration on serum levels of 
cardiac destructive markers in DOX-induced cardiotoxicity 


TropT ACL CRP Alb 

(pg/ml) (U/ml) (mg/L) (g/dl) 
Control (C) 14.23+0.467 3.22+0.11? 7.3540.50* 4.32 + 0.6° 
Ag NPs (NP1) 13.87+0.397 3.09+0.15? LO O82 s.Gort 0,92 
AgNPs (NP2) 14.10+1.087 3.10+0.22? 8.55+1.28° 4.00 + 0.5? 
Cardiotoxicity (DOX) 42.44+3.80° 15.70+1.00° 46.60+5.22° 2.12 + 0.3> 
Cardio-Therapeutic 1 - c a is 
(DOX+ NP1) 25.2942.30 7.5540.85 23.1143.15' 2.99 + 0.6 
Cardio-Therapeutic 2 ‘i i i 4 
(DOX+ NP2) 20.22+2.00' 5.20+0.95 22.6643.38' SUS }5) 2 (OE) 
Data are expressed as mean+/- SE , (n= 10). Significance was made using One-Way ANOVA 
test (LSD). Means that have different letters are significantly at (p<0.05) 


Table 2. Effect of AgNPs administration on serum levels of 
cardiac enzymes in DOX-induced cardiotoxicity 


LDH CPK AST PN 

(U/L) (U/L) (U/L) (U/L) 
Control (C) 122.2+7.807 155.1+5.45? 35:5'43.8* 5.35+0.75? 
Ag NPs (NP1) 126.2+9.407 172.1+6.50° 31.2 +4.17 3.96+0.60 
AgNPs (NP2) 120.2+6.957 165.1+9.667 33.6 +2.9° 4.90+0.85° 
Cardiotoxicity (DOX) 255.6+22.0° Si 542255 85,5/+5.5° 10.95+1.00° 
Cardio-Therapeutic 1 Z i " . 
(DOX+ NP1) 160.6+9.20' 209.1+8.75 50.1 +3.9 7.00+0.58 
Cardio-Therapeutic 2 a ib . a 
(DOX+ NP2) 145.7+0.53 185.1+9.88' boy Oe Ks) 6.85+0.60' 
Data are expressed as meant/- SE, (n= 10). Significance was made using one Way ANOVA 
test (LSD). Means that have different letters are significantly at (p<0.05) 


the serum were significantly lower in rats given the higher dose 
of AgNPs (8 mg/kg) compared to those given the lower dose of 
AgNPs (4 mg/kg) (Figure 3). 


Discussion 

Nanoparticles important in 
therapeutic applications in medicine due to their small size 
and large surface-to-volume ratio. Recent data has raised 
concerns about the use of silver nanoparticles (AgNPs) in 
therapeutics, as they have been found to be less toxic compared 
to other noble metal nanoparticles. Once inside the body, these 
nanoparticles encounter immune cells in the bloodstream, 
such as lymphocytes and granulocytes [7]. When tissue 
damage occurs and inflammatory stimuli and chemokines are 
released, neutrophils are attracted to these signals, leaving the 
circulation, and migrating to the site of damage. The number 
of neutrophils is related to the size of the infarction and to the 
development of heart failure [8]. Silver could interact with these 
immune cells and either stimulate or suppress them, leading to 
different pathological conditions [9]. 

Immune cells recognize silver nanomaterials as foreign 
particles, which can lead to an inflammatory response involving 
the activation of neutrophils and helper T cells. This activation 
results in the production of various cytokines, including tumor 
necrosis factor-a (TNF-a) and Interleukins (IL-1B, IL-6). These 
cytokines play a crucial role in the body’s natural defense 
against diseases and used in immunotherapies and vaccines. In 
a study conducted by Liu et al. [10], it was demonstrated that 
carefully designed silver nanomaterials effectively suppressed 
the recruitment of inflammatory cells to affected tissues, 
leading to the prevention of inflammation in mice. 

Modulation of immune response may be stimulating or 


have become _ increasingly 


suppressive, but it is crucial to avoid excessive stimulation or 
suppression when using AgNPs in medical products. The effects 
of AgNPs on immune cells depend on their physicochemical 
properties and stability in biological environments, and 
thorough evaluation is necessary regardless of the intended 
purpose of the nanoparticles [11]. 

In this study, we examined the immunomodulatory effects 
of AgNPs at non-toxic concentrations. It is important to 
distinguish between immunotoxicity and immunomodulatory 
activity of nanomaterials, Previous studies have investigated 
the anti-inflammatory and antiproliferative effects of AgNPs 
by assessing cytokine expression using immunoassays with 
limited sensitivity and specificity [11]. The observed decrease 
in cytokine expression could potentially be attributed to the 
cytotoxic effects of AgNPs, particularly at higher concentrations. 


Table 3. Effect of AgNPs administration on cardiac oxidative stress markers in DOX-induced cardiotoxicity 


Groups 


SOD (U/mg heart tissue) 


MDA (nmol/g heart tissue) 


GSH (mmol /g heart tissue) CAT (U/g heart tissue) 


Control (C) 0.935+0.03* 0.55+0.03? 11.2 £1.15 7.25+0.87 
Ag NPs (NP1) 0.788+0.05* 0.60+0.02? 11.0 +0.90? 6.66+0.5* 
AgNPs (NP2) 0.900+0.07* 0.52+0.05? 10.7 +0.95? 7.00+0.5? 
Cardiotoxicity (DOX) 0.402+0.02° 1.25+0.08° 5.65 +0.66 ® 3.99+0.7° 
Cardio-Therapeutic 1 (DOX+ NP1) 0.670+0.08° 0.95+0.05° 7.98 +0.55¢ 5.1 1#0:5* 
Cardio-Therapeutic 2 (DOX+ NP2) 0.805+0.077 0.78+0.09° 8.30 +0.75° 5.28+0.6° 


Data are expressed as mean+/- SE, (n= 10). Significance was made using One-Way ANOVA test (LSD). Means that have different letters are significant at (p<0.05) 
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Notably, coadministration of AgNPs resulted in reduced 
expression of NF-kB, indicating that the formulation of AgNPs 
may have a mitigating effect on NF-kB-mediated inflammatory 
response [12]. 
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Figure 1. Effect of AgNPs administration on serum lipid 
profiles in DOX-induced cardiotoxicity. DOX: doxorubicin; NP1: 
Silver Nanoparticles (4 mg/kg b.w); NP2: Silver Nanoparticles 
(8 mg/kg b.w). Data are expressed as means (p<0.05). The P 
values were calculated using a one-way ANOVA test. 


In the present study, myocardial injury in rats is induced by 
doxorubicin (DOX) as evidenced by a notable rise in CPK and 
LDH activities. These elevated activities serve as indicators 
of leakage of cardiac enzymes. However, in the group treated 
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Figure 2. Effect of AgNPs administration on haematological 
levels of leukocytes, lymphocytes, and neutrophils count in 
DOxX-induced cardiotoxicity. DOX: doxorubicin; NP1: Silver 
Nanoparticles (4 mg/kg b.w); NP2: Silver Nanoparticles (8 mg/ 
kg b.w). Data are expressed as means (p<0.05). The P values 
were calculated using a One-Way ANOVA test. 
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Figure 3. Effect of AgNPs administration on serum levels 
of proinflammatory cytokines (TNF-a, IL-6, NF k®, IL-1) in 
DOX-induced cardiotoxicity. DOX: doxorubicin; NP1: Silver 
Nanoparticles (4 mg/kg b.w); NP2: Silver Nanoparticles (8 mg/ 
kg b.w). Data are expressed as means (p<0.05). The P values 
were calculated using a one-way ANOVA test. 


with silver nanoparticles (AgNPs), CPK activity was significantly 
reduced compared to the DOX group, suggesting the protective 
effects of silver against myocardial damage. 

In the study conducted by Nordgren and Wallace [13], it was 
observed that reactive oxygen species (ROS) can function as 
immune mediators and have an impact on different types 
of immune cells. When the levels of ROS are increased, 
immune cells can experience dysfunction, resulting in a state 
of immunosuppression. The development of cardiotoxicity 
because of doxorubicin treatment is a complex process that 
involves the regulation of multiple mechanisms of action [14]. 
The major mechanisms leading to cardiomyocyte cell death 
include the generation of reactive oxygen species (ROS) and 
nitrogen species that leads to protein and DNA damage and 
lipid peroxidation This leads to regulated or unregulated cell 
death apoptosis as well as necroptosis and the eventual release 
of inflammatory mediators [15]. 

In the present study, we demonstrated that doxorubicin (DOX) 
not only caused a significant disruption in the balance of redox 
status, but also induced lipid peroxidation, as evidenced by the 
elevated levels of systemic MDA in the heart. Additionally, this 
damage was accompanied by an inflammatory response, as 
indicated by the increased levels of IL-6 after DOX exposure. 
Previous research has also observed an increase in IL-6 in 
response to DOX [16]. Results of the current study showed a 
significant increase of MDA level after DOX administration. 
The protective role of AgNPs against oxidative stress-induced 
myocardial damage was observed through changes in MDA 
and SOD values. Co-administration of AgNPs resulted in a 
significant decrease in MDA levels and an increase in SOD 
levels. Previous studies have reported the pro-oxidant effects 
of AgNPs [17]. 

The role of inflammatory cytokines and chemokines in the 
development of myocardial dysfunction and cardiac remodeling 
is crucial. These versatile cytokines are increased in patients 
who have suffered a myocardial infarction as a response to 
myocardial injury. The initial stage of remodeling involves 
the secretion of TNFa, IL-18, and IL-18, which promote 
inflammation. The subsequent stage is characterized by the 
release of anti-inflammatory cytokines. The activation of NF- 
kB, a major transcription factor in response to oxidative stress, 
has been established to contribute to cell proliferation and 
differentiation, thus playing a role in cardioprotective effects. 
In addition to its cardioprotective effects, AgNPs have also 
been implicated in early inflammatory responses through the 
activation of NF-kB, leading to the production of inflammatory 
cytokines such as TNFa, IL-1B, and IL-6. Previous studies have 
shown that the activation of NF-kB is crucial in the progression 
of cardiotoxicity induced by doxorubicin. [18]. In the current 
study, the administration of doxorubicin resulted in an elevation 
of NF-kB. However, it was found that co-treatment with 
AglNPs reduced the expression of NF-kB, indicating that AgNPs 
may have a mitigating effect on the inflammatory response 
mediated by NF-KB. 

Cardiac troponins are the serum biomarkers of choice for 
monitoring potential drug-induced myocardial 
both clinical and preclinical studies. In a study conducted by 
Lipshultz et al. [19], it was found that children treated with DOX 


injury in 
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experienced increased levels of cardiac troponin, even after the 
treatment had stopped. This suggests that there was damage 
to the heart and irreversible necrosis of cardiomyocytes. 

The elevation of serum lipid levels caused by DOX toxicity is a 
clear indication of its well-known hyperlipidemic effect, as stated 
by Xiong et al. [20]. Our study observed notable increases in 
serum cholesterol and LDL-c levels, indicating that doxorubicin 
(DOX) hindered the breakdown of lipids. Consequently, our 
findings suggest that the detrimental effects of DOX, such 
as hyperlipidaemia, may contribute to the development of 
doxorubicin-induced heart failure, which negatively impacts 
heart function [21]. High levels of circulating cholesterol and 
its accumulation 
cardiovascular damage [22]. Changes in lipid metabolism can 
affect cardiac function by altering the characteristics of the 
cardiac cell membrane [23]. 

The study revealed severe biochemical changes as well as 
oxidative damage in the cardiac tissue after the administration 
of DOX. Transaminases such as AST are liberated into the 
serum after extensive tissue injury. Because the heart muscle is 
rich in AST, it suggests that the increased level is an indicator 
of myocardial damage [24]. The result of the present study 
revealed that DOX intoxication caused a significant increase 
in acid phosphatase (AP) activity in heart tissues. Acid 
phosphatase activity on endothelial cells is responsible, in part, 
for the conversion of adenosine nucleotides to adenosine, a 


in heart tissue are well associated with 


potent vasodilator and anti-inflammatory mediator that can 
protect tissues from the ischemic damage that results from 
injury. The cardiac biomarker enzyme LDH is extensively used 
in clinical practice as markers for the diagnosis of cardiac 
toxicity. Doxorubicin induces marked cardiotoxicity which was 
demonstrated by an increase in CPK and LDH activities. The 
magnitude of LDH activity in blood after myocardial injury 
reflects the extent of damage in its musculature. Increasing 
the serum 
tissue dysfunctions because these are normally located in 
the cytoplasm of cardiomyocytes and leakage occurs into the 
serum after cardiomyocytes damage [25]. 

Conclusion: The findings of this study suggest that silver 
nanoparticles (AgNPs) may have a therapeutic effect on the 
heart against cardiotoxicity induced by doxorubicin (DOX). 
AgNPs showed immunomodulatory potential as shown by an 
increase in blood leukocytes count, decrease in proinflammatory 
cytokines, and oxidative stress biomarkers. 


levels of LDH have been indicated to cardiac 
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